Development of remediative techniques for PAH-contaminated soils and evaluation of residual toxicity after remediation are important issues in the assessment of soil quality. To investigate the efficiency of soil remediation technology using biomonitoring assay, soil flushing experiments with surfactant and ecotoxicity tests with Eisenia fetida were carried out for artificially phenanthrene-contaminated soils. Mortality and growth of the earthworms were significantly influenced by phenanthrene concentration and exposure time to the contaminant. Sublethal toxicity effects such as weight variation of the organisms appeared to be more reliable factors than acute effects (e.g., mortality) to represent soil toxicity when compared with chemical determination of remaining phenanthrene. The contaminated soils remediated with more than 15 pore volumes of the surfactant were not significantly toxic to the earthworms with respect to average weight development, which was clearly confirmed by the results of chemical assessment for remaining phenanthrene in the soils. According to this, optimum amount of surfactant solution for effective remediation was estimated as 15 pore volumes. These results showed that the improvement of PAH remediation technology can be complemented by employing ecotoxicological assessment of remediated soils.
INTRODUCTION C
ONTAMINATION OF SOIL AND GROUNDWATER with polycyclic aromatic hydrocarbons (PAHs) has been considered as one of the major threats to human health and safety due to their potential carcinogenicity and mutagenicity. The PAHs are nonpolar, neutral, and hydrophobic organic molecules comprised of two or more benzene rings. They are reported to be present at high concentrations in soils of many industrial areas and waste disposal sites (e.g., Brown et al., 1999) . To remove PAHs from contaminated soil, a soil flushing technique where efficiency is enhanced by use of surfactants has been widely applied to the soil columns. Surfactants can augment and accelerate the remediative capacity and rate for organic contaminants by increasing their solubility and reducing interfacial tension between water and nonaqueous phase liquids (NAPLs) such as PAHs (U.S. EPA, 1995) .
Despite a practical necessity of effective reduction or removal of PAHs, however, PAH cleanup standards for polluted sites are not consistent throughout the United States. Differences of as much as 10-fold (10-100 mg/kg) are present among the cleanup standards of each state (Booth and Jacobson, 1992) . In Korea, specific cleanup standards of PAHs in soils have yet to be established and, instead, total petroleum hydrocarbons (TPH) has been used for monitoring of PAHs.
However, even if we set chemical criteria defining an acceptable concentration of PAHs in soil, an uncertainty about potential hazards to ecosystems remains. In many cases, concentration-based criteria can insufficiently represent the integrated ecotoxicological effects of contaminants (e.g., Athey et al., 1989; Trudell et al., 1993; Loehr, 1996) . In such sense, biological criteria for soil quality evaluation are required to be established and used in conjunction with chemical criteria. When compared with the arbitrary cleanup levels defined with only chemical concentrations, the use of biomonitoring assays to evaluate site contamination and toxicity can constitute an adequate and integrated risk assessment scheme for the sites (Dorn et al., 1998) . Especially, when a site is concomitantly contaminated with a number of organic and/or inorganic chemicals or when we have limited information on which toxic byproducts can be produced during remedial processes, application of bioassay techniques is indispensable. Bioavailability, chemical mixture interactions, and toxic byproduct formation can be directly observed through toxicity assays using living organisms, while specific chemical determination cannot (e.g., Sayles et al., 1999) .
A number of laboratory test methods based on various biomonitoring designs have been proposed for the ecotoxicological assessment of chemicals. The test methods are mainly employed to measure the effects of chemicals on living organisms. The earthworm (e.g., Eisenia fetida) is one of the most thoroughly investigated.
Earthworms make up the greatest biomass of soil macroinvertebrates, and their relatively large size allows them to be readily studied in the laboratory. Because their morphology, physiology, and taxonomy are well known, these organisms can serve as good bioindicators of soil quality (Edwards and Bohlen, 1992; Fitzgerald et al., 1997) . Several procedures for earthworm bioassays have been developed over the last decade, which suggest E. fetida as a preferred standard organism (OECD, 1984; Fitzgerald et al., 1997) . The earthworm, E. fetida, has been reported to be easily handled under laboratory conditions, mature in 7 to 8 weeks, and be responsive to a wide range of toxicants, and thus routinely is used in waste site assessment (Dorn et al., 1998) . To investigate the toxicological effects of chemicals such as pesticides and heavy metals, various laboratory test methods using earthworms have been examined including simple contact test, immersion test in diluted solutions of chemicals, and artificially contaminated soil test (Martin and Wiggans, 1959; OECD, 1984; Abdul et al., 1997) . Investigation of earthworm reactions such as behavior, survival, growth, and reproduction to toxic materials can help us estimate the impacts of remediation activity and the remediated soil quality.
The objectives of this study were to remove a PAH from soil by surfactant-enhanced soil flushing, to investigate the effects of the PAH on earthworms through acute and sublethal bioassay tests, and finally to evaluate the efficiency of the soil remediation technology using biomonitoring assay. This work will support an extensive evaluation of soil quality after remediation under both laboratory and field conditions and provide fundamental information for a risk-based corrective action framework.
MATERIALS AND METHODS

Surfactant-enhanced soil flushing
Soil flushing column tests were carried out in cylindrical columns with 5-cm diameter and 20-cm length, which were filled with sand that was artificially contaminated with a PAH. The sand medium was purchased from Chumunjin Silica (Chumunjin, Korea), which was originally used in water filtration processes and free from contamination. Physicochemical properties of the sand are shown in Table 1 . The sand was sieved prior to the experiments to have the same particle distribution. The target contaminant in soil was phenanthrene, one of the PAHs. The soil was spiked with 100 mg/kg of phenanthrene, which was dissolved in volatile dichloromethane (DCM). To make uniform distribution of the contaminant, the phenanthrene-spiked soil in a 2-L beaker was manually blended using a glass stick continually in a hood 198 SON ET AL. for a week. The amount of phenanthrene artificially spiked in such way appeared to be 31.8 mg after extraction by ultrasonication. The surfactant used in the experiments was nonionic POE 20 sorbitan monoleate surfactant, commercially named Tween 80. The surfactant solution (3%, w/v) was injected to the soil columns by a peristaltic pump at a flow rate of 2.5 mL/min. After phenanthrene-contaminated soil was flushed by the surfactant solution with 5, 10, 15, and 25 pore volumes, samples of soil and effluent were taken. As a control, distilled water was also employed as a flushing medium. Each flushed soil sample was entirely removed from a series of replicate columns after set pore volumes. Effluent was continuously collected from the onset of the experiment and samples for cumulative phenanthrene content were taken after 5, 10, 15, and 25 pore volumes as well.
The flushing effluent was filtered through 0.45-mm pore-sized membrane filter and analyzed by HPLC system (Waters, Milford, MA; C18 Nova-Pak column, UV detector, 254 nm wavelength, 1 mL/min flow rate, and eluent of CH 3 CN:water 5 65:35) with two replicates. Remaining phenanthrene in the flushed sand was extracted following the modified EPA method 3550B (U.S. EPA, 1996) . In an attempt to make the flushed soil a free-flowing powder, a 3-g soil sample was mixed with anhydrous sodium sulfate as a drying agent in a culture tube with Teflon-lined cap, and then 15 mL of DCM was added. The sample was vortexed and placed in an ultrasonic bath (Branson model 3510, Danbury, CT) for an hour. The extracted solution was collected after centrifuging the sample at 4000 rpm for 10 min. Phenanthrene in the supernatant was determined using HPLC. Removal efficiency was calculated from these results. Phenanthrene-contaminated sand samples flushed with surfactant for various time periods were used as a main portion of soil composite in the following toxicity monitoring tests with earthworms.
Earthworm toxicity test
Organism and experimental conditions. Earthworm species, E. fetida, was used as an indicator organism in the following bioassay tests. E. fetida (redworms, AA-14-1650, Magic Products) was purchased 2 weeks prior to use and stored in the commercial worm bedding (AA-14-1684, Magic Products) with the worm food (AA-14-1670, Magic Products). Adult earthworms, at least 2 months old with clitella, with a weight of 0.25 to 0.40 g, were selected and used in all experiments. The experiments were conducted in a culture chamber (HB-310, Hanback, Korea) with constant light intensity and temperature of 20 o C. Earthworms were acclimated to artificial soil composite that was prepared according to OECD (1984) in the culture chamber for 1 week before the tests. (Refer to the following section about the soil composite.) Ten adult earthworms were placed into 200 g of soil composite (dry weight basis) that was previously hydrated to 25% water-holding capacity in 500 mL polypropylene wide-mouth jars with loose fitting lids (Nalgene, Rochester, NY) for minimizing water evaporation and animal escape. The lids of the jars were punched with 30 holes (3 mm diameter) to allow ventilation and oxygen supply.
The effect of soil medium on earthworms. In an attempt to examine the effect of uncontaminated soil substrate type on earthworms, mortality and growth were observed for four different soil types. To do this, artificial soil composite (OECD soil hereafter) was prepared in accordance with OECD guideline no. 207 with minor modification (OECD, 1984) . The OECD soil consisted of 70% (w/w) of Chumunjin sand, 20% (w/w) of kaolin clay, and 10% (w/w) of commercial peat (worm bedding, AA-14-1684) in which earthworms were shipped and stored before the experiments. Such soil composite type was similar to a soil of sandy loam texture. Loss on ignition (LOI) and pH of the OECD soil composite were 7.5% and 6.85, respectively. Because the optimum soil pH of 6.5 6 0.5 for earthworm toxicity tests had been recommended (OECD, 1984) , no addition of calcium carbonate to adjust soil pH was needed. The spontaneous pH adjustment in this artificial soil was due to the use of commercial worm bedding instead of acidic sphagnum peat, which OECD recommended (OECD, 1984) .
Besides the OECD soil, the other three different soil types were prepared as follows: 100% commercial peat (worm bedding), 50% sand plus 50% commercial peat, and 100% sand. For these different uncontaminated soil substrates, mortality and growth of earthworms were observed over 14 days. Weight of each soil composite in the experiments was 200 g (total dry weight basis). Moisture content of the soil media for all the experiments was completely adjusted to 25% (w/w) with tap water that was left in an open container at least 24 h before being added to the soils. Moisture content of the experimental sets was measured and supplemented every other day. At the start of the 14-day tests, earthworms were supplied with enough nutrients, which were 5 g commercial worm food (AA-14-1670) consisting of proteins, fats, minerals, and carbohydrates. During determination of earthworm growth, live earthworms were rinsed with cold tap water to remove adhered soil particles and blotted dry with tissue paper and then the weight of each earthworm was measured (Meharg et al., 1998) using an analytical balance (Sartorius BP190s, Göttingen, Germany).
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The effects of phenanthrene concentration and exposure time on earthworm. In order to investigate the effects of phenanthrene concentration and exposure time on survival, growth, and behavior of E. fetida, toxicity tests were performed over 2, 5, 7, 10, and 14 days. During the experiments, acute toxicity was measured by determination of earthworm mortality. In sublethal toxicity tests, growth and behavior such as burrowing time of the organism were observed as responses to phenanthrene toxicity. A wide tray (12 cm diameter, 9-cm height; Nalgene) in which the contaminated soil substrate and 10 earthworms were placed was separately used for easy determination of burrowing time. Six replicates were run for burrowing time observation for the uncontaminated control soil (Cushman et al., 1997) . The following concentrations of phenanthrene were applied to the soil; 0, 20, 50, 80, 100, 200, 400, and 500 mg/kg. The OECD soil composite previously described was employed in all the experiments.
From these experiments, we attempted to determine LC 50 . The LC 50 is the concentration of chemical substance that killed 50% of the test organisms and, in the present study, LC 50 was estimated from appropriate mortality-time data using the trimmed Spearman-Karber methods (Martin et al., 1977) .
Toxicity tests for surfactant-remediated soils. To determine the efficiency of the enhanced soil flushing technique and remaining toxicity of soils flushed with surfactant, survival and growth of earthworms were observed in the OECD soil matrix in which uncontaminated Chumunjin sand was replaced with surfactant-remediated sand. Mortality, growth, burrowing time, and behavioral response of E. fetida were observed after 2, 7, 10, and 14 days. Additionally, control soils were included in the experimental set to examine the effects of surfactant itself and residual DCM after volatilization.
RESULTS AND DISCUSSION
The effect of soil medium
The results of earthworm growth over a 14-day period clearly showed that the soil substrate type influenced the physiology of the earthworms (Table 2) . Because the four soil types studied have no toxic chemicals, all earthworms survived to 14 days; however, the extent of weight variation of the earthworms was different in terms of the type of soils. Because commercial peat (worm bedding) was specifically made for rearing earthworms, mean weight of E. fetida increased by 83% in the 100% commercial peat during incubation. Growth of E. fetida was also significant in the OECD soil, showing a 58% average weight increase. However, soil with 50% sand plus 50% commercial peat and 100% sandy soil were apparently unsuitable for the toxicity test, because the weight of earthworms decreased in the mixture of sand and peat and increased slightly in 100% sand.
The commercial peat was determined to be the most optimum soil medium for earthworm growth. However, it could not be used in the following experiments because artificially contaminated sand should be included in the soil substrate for the toxicity tests. Therefore, the OECD soil type was considered as the appropriate soil substrate among those tested, because 70% of this soil consisted of sand.
Toxicity of phenanthrene
The results of toxicity tests with various concentrations of phenanthrene are shown in Table 3 . In the case of control soil, all the tested earthworms survived until 14 days and their wet weight increased by 58% during the same period. Over the concentration range from 20 to 200 mg/kg of phenanthrene, the mortality of the earthworms reached 10%. However, this value of mortality was considered to be an insignificant level, because experimental conditions other than phenanthrene concentrations (e.g., slight change in temperature, moisture content of soil substrate, etc.) could also lead to this extent of earthworm mortality according to individual susceptibility. In such a sense, the results of the mortality test indicated that 200 mg/kg was the highest concentration of phenanthrene among the tested, which did not significantly affect the mortality of the organism.
Weight of earthworms in the toxicity tests was expressed as total weight and average weight in Table 3. 200 SON ET AL. Average weight was total weight divided by the number of live earthworms, and this means the representative weight of each live earthworm. Sublethal effects of phenanthrene showed slightly different results from acute toxicity tests (Table 3) . Phenanthrene concentration that began to affect growth of earthworms was nearly 100 mg/kg, because, at levels equal to or greater than this concentration, total weight decreased at 7 and 14 days, and average weight decreased at 7 days. Compared with the results of mortality tests in which phenanthrene of 200 mg/kg appeared to exert toxic effects to the earthworms, variation of weight was a more sensitive factor as a response of earthworms under the experimental conditions. Additionally, mean burrowing time generally increased as the phenanthrene concentration increased, which indicated that the activity of earthworms decreased due to the toxicity of phenanthrene, although other factors such as a slight change in moisture content might influence it. Figures 1 and 2 show the effects of phenanthrene concentration and exposure time to mortality and weight variation of E. fetida. It was confirmed that earthworm weight decreased at the phenanthrene concentrations of more than 100 mg/kg (Fig. 2) . From these results, LC 50 with 90% confidence level was calculated as 293 mg/kg of phenanthrene using the trimmed Spearman-Karber method (Martin et al., 1977) .
Specific behaviors as well as the variation of mortality and growth of E. fetida were observed at high concentrations of phenanthrene. 200 to 500 mg/kg of phenanthrene, the earthworms tended to reside on surface of soil substrate or on tray wall, likely to evade soil toxicity. After 5 days from the start of the experiment, bodies of earthworms began to twist at concentrations more than 80 mg/kg of phenanthrene.
Toxicity remaining in surfactant-flushed soil substrate
Enhanced soil flushing using surfactant was performed to provide remediated soil samples and, during the flushing process, phenanthrene removal efficiency was chemically evaluated by determining phenanthrene concentrations in soil and effluent. The porosity of soil matrix was determined to be about 0.43, and thus the pore volume of the soil column was 160 mL (see Table 1 ).
After 25 pore volumes of surfactant passed the column, phenanthrene removal efficiency reached 90% according to the effluent analysis (Fig. 3) . Although only 25% of the initial phenanthrene content was removed from the soil substrate after 5 pore volumes, most phenanthrene was observed to be leached out from the soil column at the passage of 15 pore volumes of the surfactant. In the case of control, where only distilled water was employed as a flushing medium, negligible amount of phenanthrene was leached out from the contaminated soil with only 0.2% phenanthrene being removed.
Similar results were also shown in the case of soil analysis (Fig. 4) . At the passage of 25 pore volumes of the 202 SON ET AL. surfactant, C t /C 0 (ratio of remaining phenanthrene content in the soil substrate at the given time to the initial phenanthrene content) was determined to be 0.13 and, therefore, phenanthrene removal efficiency was 87%. This value of removal efficiency (87%) determined from the soil analysis seemed to be underestimated when compared with 90% determined from the effluent analysis. Instrumental error was likely responsible for the difference between the two. In the variation of earthworm mortality and growth, uncontaminated soil in which 3% surfactant solution was applied was slightly toxic compared with uncontaminated soil without surfactant addition (Table 4) , although the extent of such a surfactant effect was insignificant. Control soil with the solvent, DCM, which was used for dissolution of the phenanthrene before spiking, was also included in the experimental set to investigate its effects on the earthworms because residual DCM could be left in the soil in small amounts despite its volatility. The soils containing residual solvent showed similar results with uncontaminated soil without surfactant or DCM with respect to mortality and weight variation of earthworms (Table 4) .
Response of E. fetida after passage of 15 and 25 pore volumes of surfactant was similar when compared with 0, 5, and 10 pore volumes, although there was also a small difference between 15 and 25 pore volumes ( flushing, earthworm mortality was 50 and 40%, respectively, which was significantly lower than that of 0 to 10 pore volumes (60-90%).
Although there was slight discrepancy of mortality results between 15 and 25 pore volumes, average weight of the earthworms between the two showed relatively similar response. Average weight of E. fetida diminished by 11-56% after 14 days in the soil flushed with only 0 to 10 pore volumes of surfactant; however, in the case of 15 to 20 pore volume flushing, the earthworms grew by 19-23% in the soil. Especially, after 10 days, the earthworm weight after passage of 25 pore volumes was almost the same as that of the uncontaminated control soil flushed with surfactant. Such a result of weight development was likely due to the fact that most contaminants were removed from the soil substrate after flushing with 15 pore volumes of surfactant (see Figs. 3 and 4) .
Considering the growth of the earthworms after soil flushing with surfactant, 15 pore volumes seemed to be the optimum amount of surfactant solution because average weight of the organisms began to increase from 15 pore volumes flushing. However, the mortality result indicated that even 25 pore volumes of surfactant led to 40% death of the earthworms after a 14-day incubation. This implies that there might be inconsistency between the earthworm responses to acute and sublethal effects. Because chemical determination of remaining phenanthrene revealed that, after 15 pore volume flushing, more than 80% of phenanthrene was removed from the soil composite, sublethal toxicity effects such as weight variation of the organisms were likely more reliable factors than acute effects (e.g., mortality) to represent soil toxicity. According to this, an optimum amount of surfactant solution for effective remediation 204 SON ET AL. was estimated as 15 pore volumes (i.e., 15 pore volumes 3 160 mL 5 2.4 L). This result showed that the earthworm toxicity tests could determine the limits and extent of the surfactant remediation technique. Especially, sublethal tests of earthworms were proven to be sensitive indicators of soil quality, and these can be effectively used to evaluate the quality of remediated soil by surfactant-enhanced soil flushing. It is suggested that the evaluation of ecotoxicological response must be considered as fundamental data in setting up the criteria cleanup level for soil quality with the viewpoint of the risk-based corrective action.
CONCLUSIONS
Laboratory soil-flushing column tests using surfactant and earthworm toxicity tests were carried out to investigate the ecotoxicity of remediated soils and its relationship with chemical assessment. Based on the results previously described, the following conclusions are suggested.
1. The soil medium prepared using OECD protocol was the most suitable type for the toxicity tests with E. fetida. Mortality and average weight development of the earthworms were significantly influenced by phenanthrene concentrations and exposure time of earthworms to the contaminant. There was a strong correlation between the reduction in phenanthrene concentration and the reduction in mortality and morbidity of the earthworms. 2. Chemical determination of remaining phenanthrene indicated that more than 80% of phenanthrene was removed from the soil composite after 15 pore volume flushing. The result admittedly corresponded to average weight development of the earthworms; the organisms began to grow in the soils remediated with 15 pore volumes or more surfactant solution. In the case of mortality tests, however, even 25 pore volumes of surfactant led to 40% death of the earthworms after 14-day incubation. Sublethal toxicity effects such as weight variation of the organisms were likely more reliable factors than acute effects (e.g., mortality) to represent soil toxicity. 3. According to the results of sublethal ecotoxicity tests as well as chemical determination, the soils remediated by 15 pore volumes or more of surfactant solution appeared to be less toxic than the soils flushed with 10 or less pore volume surfactant. 4. The results of these experiments provide a possibility that earthworm toxicity tests may determine the limits and extent of remediation technology and support an evaluation of soil quality after remediation in a riskbased corrective action framework.
